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Alternative energies such as bioethanol have been developed to reduce the dependence on 
non-renewable fossil fuels, which are also responsible for national security issues and increases in 
greenhouse gases. Bioethanol has gained attention because it can be blended with gasoline at different 
levels, and it is thus compatible with current motor engines. Bioethanol also helps to prevent air 
pollution and early ignition. Traditional or first-generation bioethanol is produced from food crops, 
predominantly corn in the U.S., whereas advanced or second-generation bioethanol is generated from 
cellulosic materials such as corn stover. Early harvesting of corn can increase the yields of grain and 
stover and reduce the lignin content of the stover and as a result, can reduce the major costs of 
feedstock and stover pretreatment in traditional and advanced bioethanol production. Motivated by 
these advantages, frozen storage is an innovative way of storing the problematic high-moisture corn 
grain left from an early harvest. However, the efficiency and reliability of this approach are challenges 
because of yield fluctuations due to agronomic factors and undesirable weather during the harvesting 
season. As an alternative, low-temperature short-term storage (LSS) is a promising way to relieve the 
pressure to freeze the corn grain prior to the onset of inclement weather and to reduce energy waste of 
freezer when bad weather does occur. This study focuses on the appropriate storage duration of high-
moisture corn grain at low temperatures. 
By completing two objectives, this study provides suggestions on storage duration for high-
moisture corn grain in low-temperature short-term storage (LSS) according to a significant decrease in 
quality. The first objective is the determination of the point at which the quality of stored grain is 
significantly changed. The second objective involves suggestions based on those findings. Grain 
harvested at 35% moisture content was stored at 20°C, 8°C and 4°C for up to 40 days and at -20°C for 6 
month. After storage, the grain was tested by 100-g wet milling and whole-kernel plating to measure 
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quality. For each quality parameter, suggestions proposed based on the significant changes with storage 
duration, as determined by Duncan’s multiple range test (MRT). Conclusive suggestions on the storage 
duration for high-moisture grain at 8°C and 4°C are offered by compiling suggestions according to all 
quality parameters. 
Most of the quality parameters assessed in this study showed significant changes indicating a 
quality decrease, which I defined as an undesirable decrease in a valuable component or an increase in 
mold infection during storage. For certain quality parameters, the quality decrease is much larger at 
20°C than at 4°C and 8°C. For all quality parameters, the suggested durations for 4°C are shorter or equal 
to that for 8°C. Overall, the suggested duration for storing grain with a 35% moisture content is 8 days at 
8°C and 12 days at 4°C. The selection of temperature should consider both the expected storage 
duration and also the processing capacity. Please be advised that the suggested duration may vary if 
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CHAPTER 1 INTRODUCTION 
According to the proverb "every coin has its two sides", a solution can resolve one problem yet 
bring another one at the same time. This is commonly observed in the ways in which our lives are 
changed by technologies, for better or worse. This is also the logic behind how the interest of this study 
evolved from the U.S. bioethanol industry, to early corn harvest, to frozen storage of high-moisture corn 
grain, and to low-temperature storage for a short term. Each part of this interest chain is considered as a 
solution to the previous aspect and a cause of problems for the next one. In this chapter, the first 4 
sections (from 1.1 to 1.4) explain the two sides of each part. The last section (1.5) states the objectives 
of this study and extends to the end of the interest chain: the elucidation of how long high-moisture 




1.1 The U.S. Bioethanol Industry 
1.1.1 Alternative energy sources and bioethanol 
Fossil fuels including oil, coal and natural gas are the primary energy sources in the world today. 
However, high dependence on fossil fuel can cause problems. As it is the most important commodity, oil 
can affect regional politics and economics in a short period. The U.S. experienced GNP decline and 
doubled unemployment rates during the oil embargo in 1973. Oil also triggered the Gulf War in 1991. 
These events suggest that national security requires a reduced dependence on imported oil (Kolar, 
1999). From a long-term perspective, fossil fuels are unrecoverable and will be depleted by consumption 
and a growing population. Additionally, fossils fuels are responsible for releasing ancient CO2 and 
increasing greenhouse gas emissions, threatening the environment (“Alternative energy sources”, 2008; 
Kolar, 1999; Fink and Medved, 2011). These problems have motivated people to look for alternative 
energy sources that are less dependent on oil and more sustainable as well as environmentally friendly. 
After decades of development, alternative energy sources, such as bioenergy, geothermal, 
hydrogen, solar, wind and nuclear, are now available (“Alternative energy sources”, 2008; Kolar, 1999). 
Bioenergy is produced from various biological products or “biomass” including food crops, grassy and 
woody plants, residues from agriculture or forestry, organic components in municipal and industrial 
wastes and even fumes from landfills. Biofuels or “biomass fuels”, including bioethanol, biodiesel, 
methanol, and butanol, are produced from feedstock such as corn and soy beans. Biofuels are the only 
renewable liquid-transportation fuels available (“Alternative energy sources”, 2008). 
Among all biofuels, bioethanol is among the most promising. Bioethanol can be blended with 
gasoline at different levels and works well in typical engines (“Alternative energy sources”, 2008; Fink 
and Medved, 2011); at the same time, bioethanol can prevent air pollution and early ignition (“Ethanol 
overview”, 2011). Traditional or “first-generation” bioethanol is made from food crops, whereas 
advanced or “second-generation” bioethanol is generated from cellulosic materials (“Alternative energy 
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sources”, 2008; “The role of biofuels”, 2009). Traditional bioethanol is being produced in many countries 
using 3 primary crops: corn, sugar beet and sugarcane (Fink and Medved, 2011). The U.S. and Brazil 
jointly produce 70% of the bioethanol worldwide (“The role of biofuels”, 2009). However, this study only 
focuses on in the U.S. bioethanol industry. 
1.1.2 Development of the U.S. bioethanol industry 
The oil crisis in the 1970s launched the bioethanol industry in the U.S. Starting with the subsidy 
in the Energy Tax Act of 1978, the annual production of this industry increased at 149 million gallons per 
year until 2004. Since 2004, high oil prices have boosted annual production, which increased at 2.4 
billion gallons per year and reached 11 billion gallons in 2008 (Tyner, 2008). The annual production then 
stabilized in 2013, at 13.3 billion gallons (“Ethanol Industry Outlook 2014”, 2014). 
In addition to the price of oil, policies have also been essential to the development of the 
industry. The U.S. government uses tax subsidies at federal and state levels to encourage producers and 
protect them from imported ethanol with tariffs. Policies also set standards and tones for the industry. 
The Renewable Fuel Standard requires the annual production of bioethanol to reach 36 billion gallons by 
2022, of which a maximum of 15 billion gallons can comprise traditional bioethanol produced from corn 
starch. Furthermore, all production increases after 2016 must be from cellulosic materials. By 2022, the 
annual production of advanced or “non-starch” bioethanol must be 16 billion gallons (“Ethanol 
overview”, 2011; Tyner, 2008). 
In the U.S., most of the traditional bioethanol is produced from corn milling. The climate in the 
U.S. allows for corn to constitute the main crop for traditional bioethanol production (“The role of 
biofuels”, 2009), with the Midwest being the region where most bioethanol is produced and consumed. 
Of the total, 80% of traditional ethanol is generated from dry grinding, and 20% is from wet milling 
(“Ethanol overview”, 2011). Corn stover is a promising cellulosic material (Tyner, 2008) and is already 
used by DuPont to produce advanced ethanol (Hoover and Abraham, 2009). Most bioethanol is used as 
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an additive in gasoline; indeed, by 2009, more than half of all U.S. gasoline contained some ethanol 
(“Ethanol overview”, 2011). 
1.1.3 Obstacles of the U.S. bioethanol industry 
Currently, the U.S. bioethanol industry is growing slowly and facing concerns and obstacles. The 
total impact of traditional bioethanol on the environment is still in question, as is its sustainability (“The 
role of biofuels”, 2009). In addition, because it consumes 40% corn crop in the U.S., traditional 
bioethanol is causing increased social concern regarding “food vs. fuel” (“Ethanol overview”, 2011; 
Tyner, 2008). Regardless, the greatest obstacle of the industry is the high cost and low profit for 
producers. The cost of corn grain and stover ethanol is $0.46/L (“The role of biofuels”, 2009) and $0.64/L 
(Tyner, 2008), respectively, whereas it is typically $0.25/L (“The role of biofuels”, 2009) for petroleum. 
Therefore, it is difficult for producers to maintain a profit while competing with falling oil prices, and the 
increase of corn price makes this even more difficult (“Ethanol overview”, 2011; Tyner, 2008).  
Previously, the high cost (Kolar, 1999) was heavily masked by protective policies such as 
subsidies and tariffs (“The role of biofuels”, 2009). However, Congress allowed the $0.12/L subsidy to 
expire at the end of 2011 (Skidmore et al., 2013). As a result, the production of traditional bioethanol 
decreased in 2011 and 2012 after a boom since 2004. Of over 200 biorefineries in the U.S., only 3 are 
producing advanced bioethanol (“Ethanol Industry Outlook 2014”, 2014). This study investigates the 
methods and technologies that can reduce the cost of bioethanol production. 
In both traditional and advanced bioethanol production, there are major costs that deserve 
more attention for their significant cost reduction. For traditional bioethanol, profitability varies due to 
feedstock cost and availability (“Ethanol overview”, 2011). In fact, feedstock cost accounts for 77.3% of 
production (McAloon et al., 2000). Koo and Taylor (2008) suggested that to produce 15 billion gallons of 
ethanol without simultaneously causing an increase in corn price and production costs, the U.S. should 
increase its corn supply substantially through increases in corn yields rather than acreage. Moreover, 
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yields need to be improved because as the climate warms, the yield of corn will naturally decrease (Fink 
and Medved, 2011). 
For advanced bioethanol made from stover, pretreatment is a key step for ethanol yield: it 
removes lignin and increases the exposure of cellulose to enzymes for enzymatic hydrolysis (Kazi et al., 
2010; Saha and Ramachandran, 2013). However, pretreatment significantly increases the cost (Saha and 
Ramachandran, 2013) and ranks second (22%) in capital costs (Kazi et al., 2010). A low level of lignin can 
reduce production costs by reducing pretreatment cost (Saha and Ramachandran, 2013) and improving 
sugar recovery (Min et al., 2012). 
Therefore, feedstock and pretreatment costs constitute the major cost in traditional and 
advanced bioethanol production, respectively. As an alternative, early corn harvesting shows promise 
for reducing both major costs by achieving higher yields and providing stover with less lignin. The 
benefits and problems of early corn harvest are provided in section 1.2. 
1.2 Early Corn Harvest 
1.2.1 Regular and early corn harvest 
The harvest time of corn depends on the maturity time of the grain. Normal yellow dent corn 
grain reaches physiological maturity at approximately 110-130 days after planting. Typically, the corn 
harvest begins at 15-30 days after the grain reaches maturity (Eckhoff, 2010; Pordesimo et al., 2005; 
Bruns and Abbas, 2004). Between maturity and harvest, the corn is left in the field to dry naturally from 
35-40% (Bruns and Abbas, 2004) to 20-25%. The actual in-field natural drying rate of the grain depends 
on the local weather conditions and ranges from 0.25-1% per day in the Midwest (Bruns and Abbas, 
2004). After harvesting, the corn grain is artificially dried to a safe level, approximately 15%, for handling 
and long-term storage (Huang et al., 2012a). Early harvesting means that the corn is harvested at or 
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before maturity and has many benefits that are promising for reducing the major costs of bioethanol 
production (Huang et al., 2012b).  
1.2.2 Benefits of early corn harvest 
Higher yield and fewer losses of corn grain and stover can be achieved by early harvesting. First, 
early-harvest short-season hybrids that become mature in approximately 80 days after planting enable 
double cropping, which has the potential to increase grain yields from 220 to 300-400 bushels per acre 
in central Illinois (Eckhoff, 2010). Second, an early harvest reduces the in-field losses, including lodging, 
molds and insects, due to delayed harvest (Huang et al., 2012a; Huang et al., 2012b), especially in a 
humid climate (Bruns and Abbas, 2004) and also improves the yield of corn stover. Moreover, if a 
nitrogen-fixing second crop is planted, more stover can be removed for advanced ethanol production 
(Huang et al., 2012a; Huang et al., 2012b). 
In addition to improving yields, an early harvest reduces the lignin level in harvested corn stover 
because lignin increases during maturation (Perdesimo et al., 2005). Perdesimo et al. (2005) found that 
from 103 to 140 days after planting, the mass percent of lignin increased from 3% to 13% for corn grain 
that reached physiological maturity on day 118. Less-lignified stover is more responsive to chemical 
treatments and exhibits increased fermentability in advanced ethanol production (Min et al., 2012, 
Huang et al., 2012b). Indeed, at the same enzyme charge of 20 FPU/g, the sugar recovery of feedstock 
with a lower lignin level is 25-50%, significantly higher than the value for feedstock with a higher lignin 
content (Huang et al., 2012b). 
1.2.3 Problems of early corn harvest 
However, there are several problems of early harvesting, and the major one is the poor 
storability of corn grain harvested at a high moisture level. Corn grain harvested at or before maturity 
has a high moisture, over 30%, and quickly spoils under typical conditions (Huang et al., 2012a; Huang et 
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al., 2012b). Storage mold can heavily affect grain quality (Huitink, n.d.). For grain at 25-35% moisture 
content, the amount of moisture that needs to be removed is doubled compared to the usual case. In 
addition, drying is no longer desirable due to the high energy cost (Huang et al., 2012a; Eckhoff, 2010; 
Huang et al., 2012b) and kernel damage (Eckhoff, 2010; White et al., 2010). 
There are other minor concerns and practices that accompany an early harvest. With respect to 
soil, the double cropping of corn could cause soil erosion as well as nutrition and surface water loss due 
to a fast-growing hybrid (Kolar, 1999; Hoover and Abraham, 2009). McAloon et al. (2000) suggested that 
a certain amount of stover needs to be left on the field for erosion control. For grain, harvesting corn 
over 25% causes increased kernel damage, and combines should be adjusted properly (Huitink, n.d.). 
Regarding stover, the moisture content is roughly twice as much as that of grain and approximately 55% 
when the grain is mature (Huang et al., 2012a). Stover with a moisture content over 30% is not good for 
a harvest, and the safe moisture content for dry storage is 20% (Huang et al., 2012a; Pordesimo et al., 
2004). To handle stover as a wet material, Turhollow and Sokhansanj (2007) suggested modifying 
combines and harvesting stover and grain at the same time, which minimizes field operations and 
prevents the stover from soil contamination. Huang et al. (2012a) suggested that ensiling is an 
acceptable alternative to drying for wet stover storage. 
As stated above, the traditional way of drying grain for safe storage is not economically 
applicable for handling early-harvested high-moisture corn grain. Compared to drying, frozen storage 
has much potential due to its unique advantages. This study is concerned with how to better utilize 
frozen storage to solve the problem of high-moisture corn grain. 
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1.3 Frozen Storage System 
1.3.1 Frozen storage systems 
Frozen storage is designed to store high-moisture grain using conveying, freezing and storage 
facilities. After being harvested at a 35-40% moisture content, the grain is flash frozen from 90 to -10°F 
in a refrigeration center and then pneumatically conveyed through entrances into bunker silos with 
shared walls. The bunker silos are insulated on all sides with 4 to 6 inches of polyurethane foam. Similar 
to a large block of ice, the frozen grain piles are most likely to thaw at the edges, and pipes circulating 
liquid CO2 or liquid nitrogen in the silo walls are used to periodically refreeze the edge. A portable 
pneumatically conveyer can be used to remove the frozen grain from the silos (Eckhoff, 2010). 
1.3.2 Advantages of frozen storage systems 
The frozen storage system has some advantages for high-moisture grain. Producers do not have 
to dry the grain, and the cost of freezing is $0.22 per bushel, whereas it is $0.28 per bushel for drying 
(Eckhoff, 2010). Working in combination, the heat from the freezer can be used to dry a portion of the 
grain. Additionally, producers have reduced handling and weather risks due to the longer harvest 
window (Eckhoff, 2010). For plants that produce ethanol, frozen grain provides more water than dried 
grain and allows for reducing the cooling water used for the fermenter. In wet milling, grain frozen at 
40% moisture can reduce the amount of water needed for steeping to 5.1-7.1 gallons per bushel. With 
regard to grain quality, frozen storage can effectively prevent mold growth (Eckhoff, 2010; Geiges, 1996) 
while not significantly affecting the starch yield, even when the grain is stored for a long time (Huang et 
al., 2012b). 
1.3.3 Challenges for frozen storage systems 
However, in the real world, agronomic factors such as the hybrid and soil as well as weather 
conditions can largely effect corn yield and thus cause insufficiency or waste in a frozen storage system. 
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When selecting the freezer for a frozen storage system, the freezing capacity, the capacity of a freezer in 
the refrigeration center or how many bushels of grain the system can freeze to a preset temperature per 
hour, should be matched to the estimated harvest rate. The freezer is assumed to be able to work 24 
hours per day and 7 days per week. A higher freezing capacity offers better flexibility but increases costs 
and the possibility of energy waste in later practice. Once the freezer is selected, purchased and 
installed, its freezing capacity is fixed and cannot be adjusted to a higher level. 
In the long term, the real harvest rate can be higher than the estimated harvest rate due to 
agronomic reasons. Indeed, the corn yield varies from year to year, even in the same field, and a higher 
harvest rate means more corn than the freezer can handle. This is more likely to occur when double 
cropping is applied and the harvest window is extended. 
In the short term, the real harvest rate is more flexible because it can be adjusted by using more 
or less combines and extending or reducing the working time. However, it can be strongly affected or 
even completely halted by bad weather conditions. According to Eckhoff (2010), in a 120-day harvest 
scenario, only 92 days are good for harvest. For Central Illinois, in the 46 days from September 15 to 
October 30, 32.8 days on average are suitable for field work (“Working field days”, 2010). To harvest a 
certain amount of grain as planned, producers have to increase the harvest rate before the arrival of bad 
weather, when barely nothing can be harvested. Therefore, in a practical scenario, the real harvest rate 
may fluctuate due to bad weather. 
The concept of conflict between fixed freezing capacity and fluctuating real harvest rates is 
shown in Figure 1 whereby the conflict challenges the operation of a frozen storage system in practical 
scenarios, including over- and under-capacity harvest. On days P and T, the weather becomes bad, just 
like the producers heard in forecast the previous week. Therefore, the producers work extra hours or 
with more combines in the hope harvesting as much as they can before the weather conditions change. 
That represents when the real harvest rate is higher than the freezing capacity (over-capacity), OPQ and 
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STU in Figure 1. Then, the freezer cannot freeze all the incoming grain to the preset frozen temperature, 
which results in a large difference in storability. An inconsistent temperature of the grain conveyed to 
bunker silos will threaten its long-term storage and thus affect the performance of entire system. In 
contrast, when the real harvest rate is lower than the freezing capacity or even close to zero (under-
capacity) during bad days, similar to QSR in Figure 1, the freezer still runs all the time with a fixed 
capacity, which causes energy waste and reduces efficiency. 
 
Figure 1 Short-term conflict between freezing capacity and real harvest rate due to the impact of bad weather 
conditions 
Eckhoff (2010) suggested to the use of low-temperature storage for a short term as a buffer to 
ameliorate the impact of bad weather, eliminate such a conflict and increase energy efficiency while 
maintaining the quality of the grain at a satisfactory level. 
1.4 Low-temperature Short-term Storage (LSS) 
Figure 2 shows how low-temperature short-term storage (LSS) works in over- and under-
capacity harvest scenarios. When the grain is harvested over-capacity, with reduced freezing time, it will 
be cooled to 40-50°F instead of the preset frozen temperature of approximately -10°F (Eckhoff, 2010). 
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As grain once cooled will not likely warm up appreciably, the cooled grain can be stored in an insulated 
pile for a few days at a constant temperature without an extra cooling demand (Eckhoff, 2010). Grain 
stored at low and frozen temperatures should be stored in separate bunker silos or by other methods to 
prevent thermal flow and temperature changes. When the grain is harvested under-capacity, the 
refrigeration center will have extra capacity for incoming grain during inclement days or in the late 
stages of the harvest. Then, grain previously stored at low temperature can be sent back to the freezer, 








As a result, LSS trades storage temperature for processing capacity, similar to the moving of the 
surplus area of a and d to fill the vacancy area of c in Figure 1, and also makes the most use of the 
freezer. However, unlike the frozen condition, low temperature cannot prevent grain from deterioration 
over the long term, and producers need to move the grain from low temperature and freeze it before 
the value is lost due to a decrease in quality. Therefore, it is important for producers to know how long 
grain can be stored at a low temperature; the longer this time is, the more processing capacity LSS can 
provide and the better such frozen storage can be applied to practical operations. This study is aimed at 
providing such references for producers to employ LSS. 
1.5 Objectives 
As stated above, this study attempts to provide information that can help producers better 
utilize LSS by managing storage time more wisely. Therefore, the first objective is to identify the low 
temperature at which grain quality is significantly changed. The second objective is to integrate the 
findings regarding the first objective and make suggestions for the storage duration of high-moisture 
grain at low temperature.  
To complete these 2 objectives, previous studies in related areas were first searched to identify 
valuable information, such as methods, experimental design and results. The valuable information is 




CHAPTER 2 LITERATURE REVIEW 
In Chapter 1, the objectives of this study were defined by 5 key elements: high-moisture corn 
grain, low-temperature storage, grain quality, significant changes and suggested storage duration. 
Actually, these 5 elements raised questions for this study with regard to materials, conditions, tests, 
analyses and results, respectively. To complete the objectives, answers to these questions had to be 
found from previous studies in related areas, and with the help of valuable information from the 
literature, it was possible to develop the conceptual objectives into specific methods and an 
experimental design that can generate results to complete the objectives. Therefore, in this chapter, the 
literature is reviewed, and valuable information is organized in 5 sections, 2.1 to 2.5, each corresponding 
to the 5 key elements. The last section, 2.6, briefly summarizes the findings of the first 5 sections and 
provides the methods selected for this study. 
It was found that the normal storage moisture content of corn grain is between 15% and 25%. 
Studies focusing on grain with a 35% moisture content were motivated by the advantages of early 
harvest. Regarding storage temperature, grain storage typically utilizes fans and optional heaters to 
condition the grain. Previous studies have used natural aeration as well as fixed temperatures to 
simulate certain situations in practical storage. Grain quality reduction includes decreases in valuable 
components, such as starch, gluten and oil content, and increases in undesirable kernel damage, such as 
mold infection and mechanical damage. Previous researchers have used statistical tests such as 
Duncan’s multiple range test (MRT) to identify significant changes in quality parameters. The rule of 
“0.5% dry matter loss (DML)” has been widely used to determine when deterioration causes the grain 
degrade to No. 2 during storage. As a result, although many researchers have studied the effects of 
storage time, none have offered reliable and practical suggestions on storage duration for high-moisture 
corn grain.  
14 
 
2.1 Moisture content of corn grain 
The first element of the objectives is high-moisture grain. The literature was reviewed to 
examine the moisture content of grain in normal harvest and storage as well as in studies with special 
interests. Based on the background and objectives of this study, a 35% moisture content was ultimately 
selected, and the selection of moisture content was used to finalize the harvest time.  
2.1.1 Normal moisture content range in previous studies 
Normally, grain is dried to a 14.5-15% moisture content before safe long-term storage. Drying 
includes both natural and artificial processes. To reduce drying costs, producers allow corn to dry 
naturally in the field after physiological maturity and then harvest it at a lower moisture content of 
approximately 18-25% (Huang et al., 2012b; Bruns and Abbas, 2004; Huang et al., 2012a; White et al., 
2010). Furthermore, harvest between 19 and 24% moisture content causes minimum damage to kernels 
(Huitink, n.d.). Therefore, most studies on corn harvest and storage areas have focused on grain within a 
moisture content ranging from 15% to 25% (Singh et al., 1998; Reed et al., 2007; Seitz et al., 1982; 
Fernandez et al., 1985; Myers and Fox, 1995). 
Although 15% is the standard moisture content of storage, there are studies on grain with a 
moisture content of 17-25%, which is a relatively high range. Some studies on grain with this higher 
moisture content range were motivated by the benefits of freshly harvested grain (White et al., 2010; 
Myers and Fox, 1995). However, to maintain grain quality, researchers had to use special treatments 
such as preservative air conditioning (White et al., 2010) and chemicals (Myers and Fox, 1995) as well as 
cold and frozen storage. Other studies focusing on mold invasion and natural deterioration in freshly 
harvested grain storage did not employ such preventive treatments (Reed et al., 2007; Seitz et al., 1982; 
Fernandez et al., 1985). 
15 
 
Due to its natural composition, sweet corn was studied at high moisture levels (Alan et al., 2014; 
Shao and Li, 2011; Liu et al., 2012). However, the present study focuses on yellow dent corn because 
due to its high starch content, it is the major crop for both food processing (Huang et al., 2012a; Huang 
et al., 2012b) and ethanol production (Murthy et al., 2009) in the U.S. 
2.1.2 High moisture content in previous studies 
A few studies were interested in grain with an extremely high moisture content (over 30%) 
because of the advantages of early harvest. Eckhoff (2010) proposed using frozen storage instead of 
drying for grain harvested at a moisture content above 35% and calculated the basic economics of a 
proof-of-concept system design. The capital cost was $1.93 to $2.90 per bushel, and the total processing 
cost was $0.49 per bushel (Eckhoff, 2010). Based on that idea, Huang et al. (2012b) studied grain 
harvested at 49%, 35% and 21% moisture levels to assess the wet-milling yields of grain at pre-mature, 
mature, and drying-down grain stages. Huang et al. (2012b) found that yields of starch and germ 
increased but the steepwater solids and yields of coarse fiber, total fiber and gluten deceased when the 
harvest moisture content decreased as the grain became mature. 
2.1.3 Moisture content in this study  
Similarly motivated by the advantages of early harvest, this study specifically focuses on grain 
with a moisture content of 35% and above. This is the moisture content when the grain just becomes 
mature (Huang et al., 2012a; Huang et al., 2012b) and the stover is not fully lignified (Eckhoff, 2010; 
Pordesimo et al., 2005), which is a good time to harvest grain for potentially reduced costs of ethanol 
production, as introduced in section 1.2.2. Therefore, 35% was selected as the moisture content of the 
grain harvested and stored in this study. 
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2.2 Storage temperature 
Typically, grain is dried and stored in a storage bin supported by a perforated floor above a 
concrete pad, forming a plenum chamber between the floor and concrete pad. A fan and an optional 
heater outside the bin blows natural or heated air into the chamber, and the air flows up through to 
condition the grain. Therefore, the grain temperature is mainly determined by the air temperature of 
the environment or heater. 
2.2.1 Storage temperature with natural aeration in previous studies 
In Manhattan, KS, Seitz et al. (1982) used two 100-bushel bins without an air heater to simulate 
large-scale storage and recorded both air and grain temperatures during 30- and 60-day storage after 
harvesting in October 1979 and September 1978, respectively. In that study, the grain temperature was 
allowed to change without any control. Seitz et al. (1982) found that grain temperature changed with 
natural air temperate, which was between 11-23°C. Additionally, the temperature of grain stored in the 
lower part of the bin more approximated the air temperature. Grain stored at a height over 100 cm was 
10-15°C higher than the air temperature (Seitz et al., 1982). 
2.2.2 Fixed storage temperatures in previous studies 
In studies addressing changes to grain in a certain storage environment, either hot or cold, the 
storage temperature was commonly fixed. Some researchers stored grain at high temperatures to cause 
deterioration or simulate particular stages during natural-aeration storage; they controlled aeration or 
environmental temperatures to simulate conditions such as 25°C in summer (Reed et al., 2007), 32°C as 
an extreme condition and 15.5°C as a moderate condition (White et al., 2010). Labuschagne et al. (2014) 
placed kernels in sealed paper bags at 18.5°C in the laboratory with air-conditioning and at 30°C in an 
oven. Fernandez et al. (1985) placed the storage system in a temperature-controlled room set at 26°C. 
In general, these high temperatures were selected according to the local temperatures experienced by 
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grain under natural-aeration storage. A higher temperature was found to encourage mold growth, 
especially for grain with a higher moisture content. 
Other researchers that studied grain storage at low or frozen temperatures were interested in 
extending the safe storage time. Low temperatures, such as 0.5°C (Liu et al., 2012), 3°C (Fernandez et al., 
1985), 3.6°C (Labuschagne et al., 2014) and 4°C (Singh et al., 1998; Shao and Li, 2011; Myers and Fox, 
1995), and frozen temperatures, such as -0.5°C (Liu et al., 2012), -1°C (Shao and Li, 2011), -10°C (Huang 
et al., 2012b; Fernandez et al., 1985), -20°C (Alan et al., 2014) and -29°C (Fernandez et al., 1985), were 
used for storage or pre-storage. However, no specific reasons for selecting such temperatures were 
given in these studies. The best guess is that as long as the temperature was low or below zero, the 
researchers selected the most accessible storage condition merely for convenience. 
2.2.3 Storage temperatures in this study 
This study is focused on grain quality changes in low-temperature short-term storage (LSS) at 
fixed temperatures. However, as introduced in section 1.4, grain stored in low-temperature short-term 
storage (LSS) will ultimately be frozen and placed under frozen conditions for long-term storage. 
Therefore, to measure the effects of the entire storage process, after low-temperature short-term 
storage (LSS), all grain was stored under frozen conditions for 6 months before performing quality tests.  
 Eckhoff (2010) suggested that the low temperature for LSS should be 40-50°F (4.4-10.0°C), and 
most low temperatures in previous studies were at or near 4°C. Therefore, 4°C and 8°C were selected as 
two low temperatures for LSS in this study, and they were also easy to set up with the refrigerator in our 
laboratory. During the same period of LSS, part of the grain was stored at ambient temperature, 
approximately 20°C, as a control as long as the quality was acceptable, similar to Singh et al.’s (1998) 
study. For 6-month frozen storage, Eckhoff (2010) suggested a temperature of -10°F (-23.3°C), and 
Geiges (1996) suggested not to use a temperature above -10°C for long-term storage. Therefore, -20°C 
was selected as the temperature for 6-month storage in this study. 
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2.3 Quality parameters 
The corn grain value is derived from products processed from its four major components: starch, 
protein, oil and fiber. The objective of storage is to maintain the quality of these components at a 
satisfactory level and to supply processing plants throughout the year. Quality decrease is the major 
concern during storage and therefore the main interest of previous studies. Decreases in quality are 
mainly due to a decrease in valuable components and an increase in undesirable kernel damage. 
2.3.1 Interest in quality decrease in previous studies 
As mentioned above, the four major components of grain are starch, protein, oil and fiber. 
Starch is the most valuable component in grain because it can be used in various industries; therefore, it 
was the main focus in most of the previous studies on grain storage (Huang et al., 2012b; Ferreira et al., 
2014; Alan et al., 2014; Singh et al., 1998; Labuschagne et al., 2014). Protein and fiber are usually 
collected together as gluten meal and gluten feed, providing essential nutrition and energy in animal 
diets. Many previous studies assessed the protein and fiber contents during storage (Huang et al., 
2012b; Ferreira et al., 2014; Alan et al., 2014; Singh et al., 1998; Reed et al., 2007; Myers and Fox, 1995). 
Corn oil is mainly used in cooking as a premium heart-healthy oil for humans with a high smoke point. A 
few studies examined the oil in grain during storage (Huang et al., 2012b; Singh et al., 1998; Reed et al., 
2007; Myers and Fox, 1995). Other nutritive components such as sugar (Alan et al., 2014; Shao and Li, 
2011; Liu et al., 2012), amylose (Labuschagne et al., 2014) and ascorbic acid (Liu et al., 2012) have also 
been investigated in previous studies. 
Mold damage is the most common and harmful “form of damage” that occurs during corn grain 
storage. Indeed, mold is considered to be the main cause of deterioration, and mold damage can result 
in an increase in total damaged kernels and a decrease in grain grade (“Grain inspection handbook”, 
2013) as well as more undesirable chemicals and heat. Therefore, mold infection and respective 
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prevention were the main interests of previous studies on grain storage (White et al., 2010; Reed et al., 
2007; Seitz et al., 1982; Fernandez et al., 1985; Shao and Li, 2011).  
Mechanical damage has been tested in some studies. Fernandez et al. (1985) measured 
mechanical damage before storage began. Reed et al. (2007) sent grain to a professional inspection 
agency to measure the percentage of total damaged kernel, and White et al. (2010) visually tested 
mechanical damage before storage and also sent samples to an agency for total damage determination. 
2.3.2 Quality parameters of this study 
To fully understand quality decreases in this study, the wet-milling yield was selected to 
measure the decrease in valuable components. In addition, the percentage of infected kernels and dry 
matter loss (DML) were selected to measure undesirable mold damage. 
Wet milling is a main corn process in the U.S.; wet-milling yields directly reflect the extent to 
which valuable components can be extracted from the grain and roughly reveal the percentage of these 
components in the grain. As a quality parameter, wet-milling was used in several previous studies to 
measure grain quality (Huang et al., 2012b; Singh et al., 1998; Myers and Fox, 1995). The starch yield is 
important for ethanol production because starch is the glucose polymer that is broken down into 
glucose monomers and fermented to produce ethanol (MacAloon et al., 2000; Khullar et al., 2013). 
Therefore, wet-milling yields were selected as the first quality parameter for this study. 
Previous studies provided many ways to measure mold damage. Among them, the percentage 
of infected kernels was a popular one in several studies (Reed et al., 2007; Seitz et al., 1982; Fernandez 
et al., 1985). Compared to the other methods, such as measuring the chemical contents from mold 
metabolism or visual inspection, the percentage of infected kernels more directly demonstrates the 
level of damage related to grain grading. Thus, the percentage of infected kernels was selected as the 
second quality parameter for this study. 
20 
 
Another popular way to measure mold damage is mold respiration. Mold respiration during 
grain storage is believed to consume non-protein components and generate CO2 (White et al., 2010; 
Reed et al., 2007; Seitz et al., 1982; Fernandez et al., 1985; Shao and Li, 2011). In previous studies, an air 
analyzer was used to measure CO2, and dry matter loss (DML) was calculated from the CO2 content with 
models (White et al., 2010; Reed et al., 2007). Researchers also used CO2 and DML as indirect 
parameters to describe mold damage. Accordingly, DML was selected as the third quality parameter for 
this study. 
2.4 Significant quality changes 
Once the quality parameters were selected, most previous studies measured the impact of 
storage time on grain quality, with significant impacts represented by significant changes in quality 
parameters during storage. For this study, significant quality changes were used to offer suggestions on 
storage duration, removing the grain before a significant decrease in valuable components or an 
increase in mold damage. 
2.4.1 Statistical tests and the “0.5% DML” rule 
To make objective conclusions, researchers rely on significant results found in raw data with the 
help of several statistical tests, such as analysis of variance (ANOVA) and Duncan’s multiple range test 
(MRT).  
ANOVA was used to determine whether a significant difference exists for grain quality on 
different storage days (Huang et al., 2012b; Reed et al., 2007; Fernandez et al., 1985). As a mean 
separation test, Duncan’s MRT takes the results of ANOVA to the next level in that it estimates the 
difference in quality between all possible pairs of days and separates them into groups (Huang et al., 
2012b; Singh et al., 1998; Reed et al., 2007; Myers and Fox, 1995). In this study, MRT using the R 
program was selected to determine when significant changes occur for the first two quality parameters; 
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similar to previous studies, the significance level was set at 0.05. A detailed code of processing MRT in R 
language is given in Appendix A. 
For the third quality parameter, DML, the “0.5% rule” has been widely discussed and used since 
the 1980s (Reed et al., 2007; Seitz et al., 1982). The rule is that 0.5% DML can be reached before the 
grade of grain decreases from 1 to 2. Therefore, in this study, the storage days when DML reached 0.5% 
were recorded as the days on which the quality was significantly decreased. 
2.4.2 Significant changes in wet-milling yields in previous studies 
Using one-way ANOVA, Huang et al. (2012b) found significant changes in germ, cellular fiber and 
coarse fiber yields caused by frozen storage. MRT further revealed that the germ and coarse fiber yields 
decreased, whereas the cellular fiber yield increased after 3 days of frozen storage. No significant 
changes were observed for the starch and total fiber yields.  
Singh et al. (1998) found that all starch yields were in the range of the average yield plus or 
minus 2 standard deviations and concluded that no significant change was observed in starch yield with 
storage time. Similarly, no trend of increase or decrease was found in other fractions; only the 
replacement of the grinding plate caused a significant decrease in starch yield. However, for some 
hybrids, MRT revealed significantly reduced starch yields at ambient temperature compared to 4°C. 
Using MRT and Fisher’s least significant difference (LSD) test, Myers and Fox (1995) did not find 
significant effects on wet-milling yields due to storage time across other factors, though significant 
effects of the interaction between storage time and chemical treatment were observed. After 6-month 
storage, starch was lower and protein was higher in phosphate-treated grain. 
2.4.3 Significant changes in the percentage of infected kernels in previous studies 
Based on one-way ANOVA, Reed et al. (2007) found significant change in the infection 
percentage of both field and storage molds in all treatments. Using MRT, they observed that the 
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infection percentage decreased with field molds and increased with storage molds at different stages 
during an 8-week storage.  
Fernandez et al. (1985) provided a figure of infection percentage against storage time showing 
increases but did not discuss the significance of that increase. However, Fernandez et al. (1985) found 
significant differences between storage treatments using the Student–Newman–Keuls (SNK) test. As 
another parameter of mold damage, the number of storage mold propagules increased in that study. 
2.4.4 Days of 0.5% DML in previous studies 
Seitz et al. (1982) estimated DML from CO2 evolution and found that DML reached 0.5% in 12.9 
days and 9.3 days in two bins with different moisture contents in a 1978 test. In a 1979 test, 3.9 days for 
the inoculated bin and 5.4 days for the control bin were required to reach 0.5% DML.  
White et al. (2010) calculated DML based on CO2 evolution but did not provide a specific storage 
time for 0.5% DML. It was observed that ozone treatment provided 2-3 extra days of stability in grain 
quality, whereas the control grain reached 0.5% DML in approximately 4 days. The rapid deterioration in 
the control grain was due to the high moisture content (at 22%) and the high storage temperature (at 
32°C), simulating extreme storage conditions. White et al. (2010) did not provide information of DML 
against storage time for grain stored at 15.5°C.  
Bern et al. (2002) used models to generate a table of days to 0.5% DML. According to that table, 
grain at a 34% moisture content can be stored for 14, 21 and 31 days at 7.2°C, 4.4°C and 1.7°C, 
respectively, before DML increases to 0.5%. 
2.5 Suggested storage duration 
Most of the studies on grain storage were only interested in determining the effects of factors, 
such as the storage condition, duration, moisture content, inoculum, position, and hybrid, on various 
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quality parameters. Very few studies have discussed practical storage duration, with far fewer making 
suggestions.    
Bern et al. (2002) provided a reference table for producers to check 0.5%-DML days with 
variables such as grain moisture content and storage temperature. However, the days were calculated 
purely from models and assumptions. Seitz et al. (1982) and Fernandez et al. (1985) verified the “0.5% 
DML” rule with the actual mold growth measured using a variety of parameters. In both studies, the 
researchers suggested that the rule should be used with caution when proposing safe storage 
guidelines. Other factors such as an uneven distribution of moisture content and temperature in storage 
bins and the level of initial mold inoculum can greatly affect the mold level before DML increases to 
0.5%. 
2.6 Summary 
The normal storage moisture content for corn grain is between 15% and 25%. Motivated by the 
advantages of early harvest, this study selected a grain moisture content of 35%, a time when the grain 
just becomes mature and the lignin level in stover is low for better ethanol production.  
Typical corn grain storage employs fans and optional heaters to condition the grain. Previous 
studies have used natural aeration as well as fixed temperatures to simulate certain conditions during 
practical storage. This study selected 4°C and 8°C for LSS and 20°C as a control in the same period. To 
observe the outcome of entire storage process, a 6-month storage at -20°C was added after the short-
term storage, simulating a real-world frozen storage system. 
Quality decreases during storage include reductions in valuable components and increases in 
undesirable kernel damage. To measure decreases in quality, the wet-milling yield, percentage of 
infected kernels and DML were selected as quality parameters for this study. To identify the time at 
which significant changes occur in the wet-milling yield and percentage of infected kernels, MRT with a 
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5% significance level was selected to separate storage days into groups according to the mean value of 
quality parameters. The “0.5% DML” rule was widely used to determine when the deterioration causes a 
grain degrade to No. 2 during storage. Therefore, the days when grain reached 0.5% DML were recorded 
in this study. 
For the wet-milling yield, a standard 100-g wet milling (Eckhoff et al., 1996) was performed with 
help from Li Xu, an experienced technician in wet milling at Burnsides Research Laboratory. Other 
testing methods, such as chemical tests and near-infrared spectroscopy, used in previous studies require 
additional equipment and therefore were not used in this study. The 100-g wet milling procedure can 
generate starch, germ, gluten, fine fiber, coarse fiber and steepwater solid yields (Eckhoff et al., 1996).  
In this study, the percentage of infected kernels was determined by whole-kernel plating, which 
was commonly used in previous studies (Reed et al., 2007; Seitz et al., 1982; Fernandez et al., 1985). 
With the help of Dr. Don White at Crop Sciences, the test was performed in Plant Pathologies Laboratory 
at Turner Hall. Whole-kernel plating not only counts the percentage of infected kernels but also visually 
identifies molds species according to colony morphology. Therefore, the result is a collection of 
percentages of kernels infected by different mold species. 
Unlike in previous studies, DML in this study was calculated conventionally using the grain mass 
and moisture content instead of the CO2 content. Using simple equations, the moisture content and 
kernel mass are sufficient to conveniently estimate the cumulative DML. The calculation appears to be 
more direct than using a CO2 analyzer, as in previous studies, though its reliability is uncertain. 
The details for the quality tests, such as 100-g wet milling and whole-kernel plating, and the 
statistical test of MRT as well as the preparation of materials are provided in Chapter 3.  
Although many studies have assessed the effect of storage time, none of them made reliable 
and practical suggestions on storage duration. Therefore, this study sought to identify the days on which 
significant changes occurred using a statistical test and 0.5% DML and to make suggestions on storage 
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duration based on the results. Additionally, based on previous studies, the safe storage duration is 




CHAPTER 3 METHODS AND MATERIALS 
Three quality parameters with respective methods were selected to determine the low 
temperature at which grain quality is significantly changed, the first objective of this study. The first 
quality parameter is wet-milling yields based on a laboratory-level 100-g wet-milling procedure. The 
procedure is very standard, and it was well described in previous studies (Eckhoff et al., 1996; Huang et 
al., 2012b). To avoid repetition, the only modifications made to the standard procedures are provided in 
3.3. The second quality parameter is the percentage of kernels infected by various molds. Whole-kernel 
plating was selected to measure the percentage and to identify mold species. The whole-kernel plating 
procedure is provided in 3.4. The third quality parameter is dry matter loss (DML), reflecting mold 
activity, by measuring the dry matter consumed by molds during storage. Dry matter loss (DML) is 
calculated from the moisture content and grain mass. The calculation of dry matter loss (DML) is 
introduced along with the procedure used for the moisture tests in 3.5. 
In addition to procedures of tests and methods of calculations in 3.3, 3.4 and 3.5, this chapter 
also provides a detailed introduction to the materials in 3.1 and the storage and sampling in 3.2; 3.6 




Yellow dent corn, P1395XR, provided by Pioneer Hi-Bred Seed Co. was planted in May 2011 in 
field DW1 of Agricultural and Biological Engineering Farm of University of Illinois at Urbana-Champaign 
in Urbana, Illinois. 
Approximately 110 days after planting, the corn in the field was randomly picked for a series of 
quick moisture tests on September 13th, 20th and 29th. The results from the tests determined the 
harvest time to ensure that the decreasing moisture content was as close to 35.00% as possible when 
harvested. On each day of the quick moisture test, approximately 12 corn ears were manually removed 
from plants at 3 random sites of the field. The grain was peeled off the cob by hand and mixed together, 
and the mixed grain was used for quick moisture tests in triplicate. The quick moisture test was used for 
the pre-harvest stage only, and it was different from the standard moisture test used during the short-
term storage in the duration of test. The quick moisture test requires 6 hours, whereas standard 
moisture test requires 72 hours. (Detailed procedures of the quick and standard moisture tests are 
provided in 3.5.1.) 
According to the results, the harvest time was determined to be the morning of September 
30th, 2011. In total, approximately 60 corn ears were manually removed from plants at 3 random sites 
of the field. The husks were shelled by hand, and grain was threshed using a Black Beauty hand cranker. 
The cobs and husks were discarded, and the grain was transferred to a large storage box with a known 
empty box mass of approximately 2200 g. The total grain mass in the large box was approximately 36.9 
kg, which was calculated by subtracting the empty box mass from the filled box mass as weighed using a 
digital scale. For the initial sampling, the grain was mixed for uniformity. 
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3.2 Storage and Sampling 
3.2.1 Initial sampling  
Approximately 1000 g of grain was sampled, setting aside 100 g for the standard moisture test 
and 900 g for wet milling and whole-kernel plating. All tests were performed in triplicate. The 100-g 
grain sample was split into 3 standard moisture tests immediately after sampling. A 900-g grain sample 
was placed into 3 slide-zip bags, with approximately 300 g in each, and placed in the cold room for the 6-
month storage at -20°C before wet milling and whole-kernel plating. The mass of grain sampled in each 
bag was weighed using an electronic balance. The sample date and replicate number were written on 
the bags. (Details of the standard moisture test, wet milling and whole-kernel plating are provided in 
3.5.1, 3.3 and 3.4, respectively.)  
After sampling, the remaining grain in the large box was equally distributed to four medium 
storage boxes with latching lids and a known empty box mass of approximately 1600 g for short-term 
storage at one of four randomly selected temperatures: 20°C, 8°C, 4°C and -20°C. Then, each filled box 
was weighed using the same digital scale, and initial grain mass was calculated, as described. The lids 
were placed on the medium boxes before the short-term storage was initiated. It is important to note 
that the initial sampling occurred before the grain was distributed to the medium boxes. Thus, my 
underlining assumption is that the initial quality of the grain in each treatment was the same because 
the grain was well mixed. 
3.2.2 Short-term storage  
The medium boxes were placed under the respective storage condition according to the 
randomly assigned temperature at 17:00 on September 30th, day 0. The 20°C box was kept in the 
sampling room. The 8°C and 4°C boxes were stored in two refrigerators set to each respective 
temperature. The -20°C box was stored in the same cold room for 6-month storage. The lids were placed 
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on all boxes. There was no extra atmosphere or humidity treatment during storage. The short-term 
storage lasted for 40 days, from September 30th to November 9th. 
Sampling was performed on days 1, 2, 4, 6, 8, 12 and 40, and the sampling procedure was the 
same as that before distribution, on day 0. On each sampling day, the boxes were taken to the sampling 
room at 17:00. Then, the grain in each box was weighed using the same digital scale, and approximately 
1000 g was taken. Additionally, as for the initial sampling (on day 0), a 100-g sample was reserved for 
standard moisture testing immediately after sampling on that day, and the other 900 g was placed in 3 
slide-zip bags for wet milling and whole-kernel plating in 6 months. The grain mass in each bag was 
approximately 300 g, which was weighed using the same electronic balance and recorded. The sampling 
process took approximately 15 minutes for each box. After sampling, the boxes were returned to the 
respective storage conditions; thus, the exposure to ambient conditions for the 8°C and 4°C boxes was 
short and negligible. 
For the 20°C box, the grain was heavily deteriorated after day 6, as shown in Figure 3. 
Germination and severe deterioration with black spores had occurred, and white mycelia and wetness 
were present over the box. Therefore, storage at 20°C was stopped after day 6. 
 
 
Figure 3 Severe deterioration of grain stored at 20°C after 4 days with germination and severe 
deterioration with black spores, white mycelium and wetness all over the box 
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For grain stored at -20°C, DML was calculated according to the moisture content of that 100-g 
sample. The 900 g of grain, although still sampled in bags, was not used for wet milling or whole-kernel 
plating. The sampling was merely performed to eliminate bias in the moisture test caused by the 
sampling itself. The reason that no tests were performed on these samples was that the grain quality 
was believed to be stable under frozen conditions (Eckhoff, 2010; Geiges, 1996; Huang et al., 2012b). 
The sampling is summarized in Table 1. As a result, there were 28 samples tested for moisture 
and 20 samples or 60 bags of grain tested by both wet milling and whole-kernel plating. Again, the 
sample prior to distribution represented the grain at all temperatures on day 0. 
Table 1 Sampling days and tests for grain samples in all storage conditions. “MT” stands for moisture 
test, “WM” stands for wet milling, “WKP” stands for whole-kernel plating and “DML” means dry matter loss 
calculated with moisture content and grain mass. All tests were done in triplicate except for DML. 
Storage day 20°C 8°C 4°C -20°C 
0 MT, WM, WKP 
1 MT, WM, WKP, DML MT, WM, WKP, DML MT, WM, WKP, DML MT, DML 
2 MT, WM, WKP, DML MT, WM, WKP, DML MT, WM, WKP, DML MT, DML 
4 MT, WM, WKP, DML MT, WM, WKP, DML MT, WM, WKP, DML MT, DML 
6  MT, WM, WKP, DML MT, WM, WKP, DML MT, DML 
8  MT, WM, WKP, DML MT, WM, WKP, DML MT, DML 
12  MT, WM, WKP, DML MT, WM, WKP, DML MT, DML 
20  MT, WM, WKP, DML MT, WM, WKP, DML MT, DML 




3.2.3 Storage for 6 months 
As discussed earlier, all slide-zip bags from day 0 to 40 were closed, placed on a metal shelf in 
the cold room and stored at -20°C for 6 months before wet milling and whole-kernel plating. Specifically, 
the bags were stored from day 0, September 30th, to day 40, November 9th, in 2011, and taken out for 
wet milling in mid-March and whole-kernel plating at the beginning of April in 2012. Unfortunately, 3 
bags of grain sampled from the 20°C box on day 1 were lost, and thus no results were available. To avoid 
bias, the bags were taken out according to a random list generated by Excel. Therefore, the actual 
storage duration might vary from bag to bag. Figure 4 summarizes the entire process from plating, 







Figure 4 Summary of sampling, storage and tests. “Q” and “S” in small squares stand for quick and 
standard moisture tests in triplicate. Circles stand for sampling day and respective grain mass. Orange dotted 
lines stand for sampling grain in 3 bags and sending them to the 6-month storage. 
3.3 100-g wet milling  
After approximately 6 months of frozen storage, the grain was taken out in mid-March 2012 for 
100-g wet milling to determine the yields of valuable components. As stated above, no samples 
collected from the -20°C box were tested because the yields were believed to be stable while frozen 
(Huang et al., 2012b; Singh et al. 1998). In addition, the sample from the 20°C box on day 1 was lost. In 
total, there were 19 samples or 57 bags of grain tested by wet milling. 
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The entire wet-milling experiment took approximately 10 days, with 5 to 6 bags of grain milled 
per day. From each bag, with the help of an electronic balance, approximately 120 g of grain was 
removed, and the rest was immediately placed back in the cold room at -20°C. The grain mass was 
weighed using the electronic balance and recorded for yield calculations. A 20-g sample of that grain 
was used for a standard moisture test to calculate the total dry matter mass of grain as the basis of 
yields. Then, the remaining 100 g of grain was subjected to steeping, the first step of wet milling. The 
procedure of 100-g wet milling has been described in several previous studies (Eckhoff et al., 1996; 
Huang et al., 2012b). 
Some modifications were made to the standard procedure in Eckhoff et al.’s (1996) study. First, 
the speeds of first grinding were 3500, 4500 and 5000 rpm due to the high physical vulnerability of high-
moisture corn grain. Second, the separation of dried germ and coarse fiber was achieved by manual 
picking rather than blowing, as is usually performed. This special care was taken to minimize concerns of 
the biological hazards of molds scattered by airflow. Third, the protein overflow of tabling was not 
filtered but only collected and dried to calculate the gluten yield. We would expect that manual sorting 
might increase the standard deviation of germ and coarse fiber yields because the separation was based 
on visual observation. 
After wet milling, the dry matter mass of all components (starch, gluten, coarse fiber, fine fiber, 
germ, steepwater solids) was determined using the electronic balance and recorded. The yield (Yi) of 
component i is the percentage of its dry matter mass (DMi) of the total dry matter mass (DM) calculated 










3.4 Whole-kernel plating 
After approximately 6 months of frozen storage, the grain was removed at the beginning of April 
in 2012 for whole-kernel plating to assess the percentage of infected kernels and mold species. Again, 
no samples collected from the -20°C box were tested because mold growth is believed to be prevented 
under frozen conditions (Huang et al., 2012b; Eckhoff, 2010), and the sample from the 20°C box on day 1 
was lost. Therefore, there were a total of 19 samples or 57 bags of grain tested by whole-kernel plating. 
The experiment was performed in Plant Pathology Laboratory at Turner Hall with the help of Dr. Donald 
White. 
Mannitol salt agar (MSA) is a semi-solid medium known for its high salt content that encourages 
the growth of certain bacteria. It is commonly used in whole-kernel plating of corn grain stored under 
typical conditions. Similar to other microbiological tests, timing is important: the medium and plates 
need to be ready for inoculation before the kernels are treated. 
3.4.1 Medium and plate preparation 
Mannitol salt agar (MSA) medium solution was prepared by adding 75 g of salt, 20 g of bacto-
agar and 20 g of bacto malt extract into a 1.6-L Erlenmeyer flask containing one liter of deionized water. 
The solution was stirred for 15 minutes with a magnetic stirrer and heating to become uniform; the 
stirring was adjusted to an appropriate speed where a swirl could be reached without any splashing. 
After stirring, the flask was sealed with a piece of foil and placed in an autoclave. The autoclave time 
was 15 minutes, which was shorter than normal because the mannitol salt agar (MSA) medium is 
sensitive to heat and long autoclave times would cause the medium to fail to solidify. 
The flask was moved out of the autoclave when the chamber pressure returned to atmospheric 
pressure. Then, it was put into a 50°C water bath to slowly cool but not solidify the medium. When the 
temperature of the flask fell to approximately 50°C, the flask was moved to a biosafety cabinet, and the 
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sealing foil was removed. Stacks of plates with lids were gently taken out of the plastic wrapping sleeve 
in the biosafety cabinet. One lid was lifted to pour one plate at a time. Approximately 15 mL of medium 
was poured from the flask into one plate, covering two-thirds of its surface. The plate was then mildly 
agitated to uniformly spread the medium to the edges. After that, the plate was covered with the lid and 
cooled in the biosafety cabinet. The plates were stacked in the biosafety cabinet for 3 to 4 hours for 
cooling. 
When the medium was almost solid, the plates with lids were stacked, placed in the sleeves, 
taken out of the biosafety cabinet and sealed with tape. The sleeves of plates were placed on a table 
overnight for drying and further solidification for inoculation on the following day. One flask of medium 
is sufficient for approximately 60 plates. For 570 plates in total, 10 flasks of medium were prepared. 
3.4.2 Kernel pretreatment and inoculation 
Inoculation required a total of 3 days. On each night before the inoculation, approximately 20 
slide-zip bags were randomly moved from the cold room to the sampling room. Approximately 100 g of 
kernels were taken from each bag and placed in an aluminum foil can for drying overnight in a 49°C 
oven. The slide-zip bags were closed and immediately returned to the cold room. 
On the inoculation day, the cans were removed from the oven, stacked and placed in the 
biosafety cabinet. A surface sterilization pretreatment was performed before inoculation. One kernel 
was selected at a time using tweezers and stirred in a 10% bleach solution in a small beaker for 5 
seconds. The kernel was then stirred in sterilized water for 5 seconds to wash off the bleach solution. 
After washing, the kernel was placed on a sterilized paper towel. One piece of paper towel was folded to 
dry approximately 20 kernels. The bleach solution and sterilized water were changed every 200 kernels. 
When all kernels were surface-sterilized, the stacks of plates with lids were placed in the 
biosafety cabinet, and the sleeves were removed. The lids were lifted one at a time for inoculation. Each 
kernel on the unfolded paper towel was picked up using tweezers sterilized using a burning alcohol lamp 
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and placed on the plate; 5 kernels were placed on one plate crosswise with one in the middle and four 
as shown in Figure 5. Then, the lid was placed on the dish, with the kernel information written on it 
using a black marker. For each bag of sample from the cold room, 50 kernels were inoculated on 10 
plates. 
 
Figure 5 Crosswise inoculation of 5 kernels on one plate with sample and replicate information written 
on the lid 
3.4.3 Cultivation and plate rating   
The plates with lids on were stacked, removed from the biosafety cabinet and cultivated at 
room temperature for 7 to 10 days until recognizable colonies appeared. After the cultivation, Dr. Don 
White Professor, Emeritus of the Crop Science Department, visually identified the mold species and 
counted the number of infected kernels.  
For each bag of kernels, the percentage (Fi) of kernels infected by mold i equals the fraction of 
kernels with a colony (fi) divided by the total number of kernels (Ft) within each treatment. Five kernels 
on each of 10 plates equals 50 kernels per treatment. The percentage of general infection (F), regardless 
of mold species, is the fraction of generally infected kernels (f) divided by Ft. It is important to note that 
multiple colonies may have occurred around a single kernel. A kernel infected with at least one colony 
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would be labeled as a generally infected kernel. Therefore, the number of generally infected kernels is 













3.5 Moisture tests and DML calculation 
3.5.1 Quick and standard moisture tests 
Quick and standard methods were performed in this study based on the idea that the mass loss 
of grain in forced-air oven drying is the mass of water in the grain. All samples were tested in triplicate 
immediately after the sampling procedure, except for those assessed before wet milling. Immediate 
moisture tests helped with the calculation of DML, which, unlike the other two parameters, focused on 
low-temperature short-term storage (LSS) rather than the combined effects of low-temperature short-
term storage (LSS) and 6-month storage. 
 The 100 g of grain sampled was used for 3 tests. For each test, approximately 25 g of grain was 
placed into a can made of aluminum foil. The empty (Me) and filled (Mf) can masses were weighed using 
the same electronic balance used in sampling. Then, the can was placed in an oven. After drying, the dry 





The selection of drying temperature and duration was the only difference between the quick 
and standard moisture tests. For the quick moisture test, the cans were placed into a 135°C oven for a 2-
hour drying period and then moved to 49°C for another 4 hours. For the standard moisture tests, the 
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cans were placed at 103°C and dried for 72 hours. The quick moisture test was applied for monitoring 
the pre-harvest moisture content due to its shorter testing time. Because the moisture content 
decreased every day in the field, the quick testing results would allow enough time to react and harvest 
the corn before the moisture content fell below 35%.  
3.5.2 DML calculation 
Dry matter mass loss in grain is determined to examine the loss rate as a function of different 
storage times and temperature treatments. Dry matter mass can be simply calculated with the recorded 
grain mass and moisture content, but there are two aspects that should be considered. First, the 
sampling did require removing grain from the boxes to bags and thus reduced the grain mass. Second, 
the moisture content changed during storage, albeit at a small scale. Therefore, instead of calculating 
the recorded grain mass directly, it is best to divide the short-term storage period into smaller storage 
cycles. 
A storage cycle is the period from the end of one sampling to the beginning of the next 
sampling. Hence, there were 8 storage cycles between 9 sampling days from days 0 to 40. In this way, 
the effect of sampling was eliminated because only the change in mass between 2 sampling events was 
studied. Additionally, different moisture contents could be separately applied to the start day (mcs) and 
end day (mce) of a cycle to calculate the starting (DMs) and ending (DMe) dry matter masses. The 
difference between DMs and DMe is the cycle dry matter loss (Ce) ending on day e. As described in 3.2.2, 
all boxes were weighed before sampling. Thus, for the starting day, the grain mass (Ms) after sampling is 
the recorded grain mass (RMs) minus the sample mass (Msample); for the ending day, the grain mass (Me) 
is the recorded grain mass (RMe). 
𝑪𝒆 = 𝑫𝑴𝒔 − 𝑫𝑴𝒆 = [𝑴𝒔 × (𝟏 − 𝒎𝒄𝒔)] − [𝑴𝒆 × (𝟏 − 𝒎𝒄𝒆)] 
        = [(𝑹𝑴𝒔 − 𝑴𝒔𝒂𝒎𝒑𝒍𝒆) × (𝟏 − 𝒎𝒄𝒔)] − [𝑹𝑴𝒆 × (𝟏 − 𝒎𝒄𝒆)] 
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Once the continuous cycle dry matter loss of all storage cycles was obtained, it is easy to add 
them together to generate the cumulative DML from day 0 to any other sampling day j (DML0j). DML on 
day j (DMLj) was the percentage of cumulative loss since day 0, DML0j, in the initial dry matter mass on 
day 0 (DM0). Because the grain was sampled before distribution, as described earlier in this chapter, the 








𝑹𝑴𝟎 × (𝟏 − 𝒎𝒄𝟎)
× 𝟏𝟎𝟎% 
3.6 Statistical analysis  
Analysis of variance (ANOVA) and Duncan’s multiple range test (MRT) were performed in R to 
separate the storage days into groups if there were significant differences between them. The 
significance level was 0.05. Prior to the analysis, the results from the samples stored at the same 
temperature were compiled in one file and organized with storage days in the first column “Day” and 
the results of quality parameters in the other columns. Then, the .xlsx files were saved as .csv files for 
use by R. An example of the R language used to analyze the percentage of kernels infected by Penicillium 





CHAPTER 4 RESULTS AND DISCUSSION 
In this chapter, the results from the experiments and statistical tests introduced in Chapter 3 are 
presented, discussed and summarized. The results are presented in tables and bar charts. The chapter is 
divided into two primary parts, though strong connections exist between them. The first part, sections 
4.1 to 4.3, addresses the first objective, and the second part, section 4.4, addresses the second 
objective. The first part presents the results of wet milling, whole-kernel plating and storage 
experiments and suggests storage duration based on the significant difference in quality parameters 
between stored and fresh grain. For a better understanding of the results, this part also includes a 
comparison of my findings with those of previous studies. The second part integrates the suggested 
storage duration of each quality parameter from the first part to provide an overall recommended 




4.1 Wet milling yields 
After 6 months of frozen storage, grain was tested with a standard 100-g wet milling procedure 
(Eckhoff et al., 1996; Huang et al., 2012b), with some minor modifications (section 3.3). The grain 
components were separated, dried and weighed to calculate the yield, which is the fraction of 
component dry mass of the total grain dry mass. Duncan's multiple range test (MRT) was used to find 
significant differences in yields according to duration. A significant difference in yield indicates a change 
in grain quality and the consumption of nutrients by mold.  
Among the 7 components (starch, germ, gluten, steepwater solids, fine fiber, coarse fiber and 
total fiber) examined in this study, significant and clear changes in yield were found only for some, 
which are thus presented and discussed in this chapter. It is important to note that because frozen 
storage at -10°C rarely affects grain quality (Huang et al., 2012b), these significant changes can be 
considered to be the effect of LSS. The other results, although having significant differences in some 
cases, are listed in Appendix B because the difference was not consistent and the trend was not clear for 
drawing conclusions. 
4.1.1 Starch yields 
The starch molecule is a polymer of glucose in the amylose or amylopectin structure. Starch is 
mostly extracted from the endosperm of the kernel and is widely used in food, ethanol and other 
industries. At 8°C and 4°C, the starch yields of the stored grain were not significantly different from 
those of the fresh grain, though minor differences were found due to the storage duration (Table 2). At 






Table 2 Starch yields as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 4°C 
sampled on different days. All yields are expressed as mean plus or minus one standard deviation. Values within 
a column followed by the same or no letter do not differ significantly at the 0.05 level according to Duncan's 
multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 66.99a±0.61 66.99ab±0.61 66.99ab±0.61 
1  66.74ab±0.22 67.47ab±0.32 
2 67.37a±0.07 66.77ab±0.60 67.34ab±0.89 
4 62.63b±1.18 66.71ab±0.63 67.07ab±0.68 
6  66.50ab±0.34 66.50b±0.47 
8  66.95ab±0.44 67.38ab±1.38 
12  67.38a±0.17 67.76ab±0.49 
20  66.84ab±0.25 67.21ab±0.85 
40  65.85b±1.61 67.88a±0.19 
 
 
Figure 6 Starch yields as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 4°C 
sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
The results for the grain stored at 8°C and 4°C are similar to the findings in Singh et al.’s (1998) 
study in that the starch yields of grain stored at 4°C were within the experimental error and did not 






















have a significant impact on starch yields. Therefore, to maintain starch yield, the duration of low-
temperature storage can be as long as 40 days.  
The decrease observed at 20°C was similar to the decrease at room temperature in Roushdi et 
al.’s (1979) study but different from Singh et al.’s (1998) findings about grain stored at ambient 
temperature. This difference is most likely due to the severe mold deterioration of high-moisture grain 
stored at 20°C in this study; conversely, Singh et al. (1998) used grain with a lower moisture content and 
employed hand-cleaning before milling. 
4.1.2 Germ yields 
The germ contains approximately 85% of the oil content of the grain, and corn oil extracted 
from germ is a high-value product that can be used in cooking and animal feed. The germ yields of the 
grain sampled throughout the experiment were not significantly different from those of fresh grains, 
regardless of the treatment (Table 3). However, for stored grain, the germ yields decreased from day 20 
to 40 at both 8°C and 4°C (Table 3 and Figure 7). 
Table 3 Germ yields as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 4°C 
sampled on different days. All yields are expressed as mean plus or minus one standard deviation. Values within 
a column followed by the same or no letter do not differ significantly at the 0.05 level according to Duncan's 
multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 4.88±0.18 4.88ab±0.18 4.88ab±0.18 
1  5.18a±0.34 5.23a±0.52 
2 5.06±0.38 5.25a±0.42 5.47a±0.13 
4 4.73±0.24 5.24a±0.56 5.36a±0.38 
6  5.26a±0.57 5.04ab±0.34 
8  5.46a±0.19 5.51a±0.15 
12  5.25a±0.10 5.25a±0.14 
20  5.40a±0.08 5.10a±0.17 






Figure 7 Germ yields as the percentage of dry mass from 100g wet-milling of grain stored at 20°C, 8°C and 4°C 
sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
Compared to fresh grain, the overall result is similar to that of Singh et al. (1998), whereby germ 
yields did not show an increasing or decreasing trend at 4°C and ambient temperature. However, the 
significant decrease from day 20 to day 40 for both the 8°C and 4°C treatments indicates possible mold 
invasion. Therefore, to maintain germ yields for high-value corn oil, the duration of LSS should be 
restricted to 20 days. 
4.1.3 Steepwater solids 
Steepwater solids contain soluble sugars and starch as well as minerals and vitamins that leach 
out from the grain during steeping. At 8°C and 4°C, the grain stored for 12 days exhibited a significantly 
lower amount of steepwater solids than the fresh grain (Table 4), and the yield showed a continual 
decrease from day 12 to day 40 for both the 8°C and 4°C treatments (Table 4). At 20°C, the bar appears 
to be higher on day 4 than on day 2, but the huge standard deviation on day 4 diminishes its statistical 
significance (Figure 8). This deviation might be caused by an error in sampling in which the grain was not 























Table 4 Steepwater solids as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 
4°C sampled on different days. All solids are expressed as are mean plus or minus one standard deviation. 
Values within a column followed by the same or no letter do not differ significantly at the 0.05 level according to 
Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 5.42±0.12 5.42a±0.12 5.42a±0.12 
1  5.27a±0.09 5.51a±0.28 
2 5.05±0.18 5.37ab±0.26 5.34ab±0.12 
4 6.82±1.48 5.24ab±0.16 5.28abc±0.13 
6  5.20ab±0.18 5.34ab±0.20 
8  5.26ab±0.03 5.30ab±0.11 
12  4.99bc±0.02 5.10bcd±0.05 
20  4.83bc±0.17 5.00cd±0.12 
40  4.97c±0.15 4.94d±0.13 
 
 
Figure 8 Steepwater solids as the percentage of dry mass from 100g wet-milling of grain stored at 20°C, 8°C and 
4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
The decreases at 8°C and 4°C are most likely due to mold invasion because the soluble protein 
and sugars leached from the germ into the steep water are nutrients that are accessible to molds 
(Huang et al. 2012b). This increase in nutrient consumption indicates that mold growth threatened the 



























4.2 Percentage of infected kernels 
As for the 100-g wet milling, after 6 months of frozen storage, the grain was tested by whole-
kernel plating. Kernels were surface-disinfected and inoculated on plates. After approximately a week, 
mold colonies around the kernels were identified, and the number of colonies was recorded to calculate 
the percentage of infected kernels as a fraction of the total kernels inoculated. Duncan MRT results 
were used to find significant differences in the percentage of infected kernels across the storage 
durations. The percentage of infected kernels directly reflects the level of mold deterioration, which 
reduces grain grade and increases biological hazards for food uses. 
4.2.1 Mold species 
Ranked by number of colonies, the top 5 mold species in this study were Penicillium, Nigrospora, 
Aspergillus niger, Alternaria and Rhizopus (Table 9). 
Table 5 Number of colonies by mold species found in 2850 kernels inoculated in whole-kernel plating. 
Mold specie Number of colonies 
Penicillium 501 
Nigrospora 332 
Aspergillus. niger 277 
Alternaria 199 
Rhizopus 157 
Fusarium moniliforme 84 
Aspergillus. glaucus 13 
Aspergillus. flavus 11 
Trichoderma 10 
 
Although mold species may vary by planting environment as well as storage conditions, all 
molds found in this study were found in previous studies regarding grain storage. White et al. (2010) 
found Mucor and Penicillium in ozone-treated grain and Aspergillus, Fusarium, Penicillium and Rhizopus 
in control grain. Reed et al. (2007) categorized molds as storage and field molds and found that storage 
molds were almost exclusively Eurotium species, with A. niger, A. restrictus and A. versicolor observed 
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occasionally; field molds were dominated by Fusarium species, with a few species of Alternaria, 
Cephalosporium, Cladosporium and Rhizopus. Seitz et al. (1982) found A. flavus, A. niger, Fusarium 
moniliforme, Cephalosporium acremonium, Alternaria alternata and Rhizopus as principal molds and 
Penicillium, Mucor, Cladosporium, Nigrospora, A. ochraseus and Trichoderma as minor molds. Fernandez 
et al. (1985) found Penicillium as the most common mold, with A. wentii and A. glaucus being more 
frequent in lower-moisture grain storage. 
4.2.2 General infection 
General infection measures the percentage of infected kernels by subtracting clean kernels from 
the total kernel number. Compared to fresh grain, the percentage of general infection was significantly 
higher as storage continued and eventually reached 100.00% in all treatments, but at different time 
scales (Table 6). The percentage on day 12 and day 20 for 8°C and 4°C, respectively, was significantly 
higher than that on previous days (Table 6). Mold infection increased much more rapidly at 20°C than at 
low temperatures (Figure 9). It is important to note that due to the error caused by kernel cleaning, 
there were huge standard deviations and uncommon decreases in not only general infection but also in 











Table 6 General infection from whole-kernel plating of grain stored at 20°C, 8°C and 4°C sampled on different 
days. All results are expressed as a percentage of kernel number and are mean plus or minus one standard 
deviation. Values within a column followed by the same or no letter do not differ significantly at the 0.05 level 
according to Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 12.00b±0.00 12.00b±0.00 12.00b±0.00 
1  16.00b±6.93 6.00b±4.00 
2 82.67a±3.06 15.33b±5.03 42.00b±46.86 
4 100.00a±0.00 13.33b±9.45 18.00b±0.00 
6  14.00b±4.00 9.33b±2.31 
8  38.67b±37.86 36.00b±34.70 
12  99.33a±1.15 18.00b±11.14 
20  97.33a±4.62 86.00a±15.10 
40  100.00a±0.00 100.00a±0.00 
 
 
Figure 9 General infection from whole-kernel plating of grain stored at 20°C, 8°C and 4°C sampled on different 
days. Bar height and error bar are mean and plus or minus one standard deviation. 
The results are similar to the findings in several previous studies. Reed et al. (2007) found that 
storage molds, mostly Eurotium and A. niger, increased during an 8-week storage at 25°C. Seitz et al. 
(1982) found that the percentage of kernels infected by A. flavus and A. niger increased, especially in 

































showed an increasing trend at different levels under various conditions, and a similar trend of increase 
was found with all treatments in Fernandez et al.’s (1985) study on the percentage of infected kernels. 
The results confirm that mold infection can increase rapidly to an unacceptable level in all treatments. 
As a result, to control overall infection at a low level, the duration of LSS should be restricted to 8 and 12 
days for 8°C and 4°C, respectively. 
4.2.3 Infection by Penicillium 
Compared with fresh grain, the percentage of kernels infected by Penicillium was significantly 
higher on day 20 at 8°C and day 40 at 4°C than on the preceding days (Table 7). 
Table 7 Percentages of infected kernels by Penicillium from whole-kernel plating of grain stored at 20°C, 8°C and 
4°C sampled on different days. All results are expressed as a percentage of kernel number and are mean plus or 
minus one standard deviation. Values within a column followed by the same or no letter do not differ 
significantly at the 0.05 level according to Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 6.00±2.00 6.00c±2.00 6.00b±2.00 
1  9.33c±6.11 0.00b±0.00 
2 16.67±11.37 6.67c±3.06 10.00b±5.29 
4 1.33±1.15 6.00c±7.21 9.33b±3.06 
6  3.33c±3.06 3.33b±2.31 
8  12.67c±8.33 22.00b±26.15 
12  14.67c±9.02 6.67b±3.06 
20  42.00b±18.33 8.67b±4.16 





Figure 10 Percentages of infected kernels by Penicillium from whole-kernel plating of grain stored at 20°C, 8°C 
and 4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
The increase at 8°C and 4°C was similar to findings in previous studies at room temperature 
(Seitz et al, 1982; Fernandez et al, 1985), and the results in the present study confirm that Penicillium is 
one of the common molds in grain storage, reaching high infection levels if the conditions are favorable. 
As a result, to prevent grain from severe Penicillium infection, the duration of 8°C and 4°C storage 
should be restricted to 12 and 20 days, respectively. 
4.2.4 Infection by Nigrospora 
At the middle of the storage period, the percentage of kernels infected by Nigrospora at 8°C and 
4°C on days 12 and 20 and day 20 were significantly higher than that of the fresh grain (Table 8). 
However, at the end of storage, the percentage returned to a level that was the same as that of the 
fresh grain (Table 8). This fluctuating growth pattern was also observed for other molds, except for 



































Table 8 Percentages of infected kernels by Nigrospora from whole-kernel plating of grain stored at 20°C, 8°C and 
4°C sampled on different days. All results are expressed as a percentage of kernel number and are mean plus or 
minus one standard deviation. Values within a column followed by the same or no letter do not differ 
significantly at the 0.05 level according to Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 0.00±0.00 0.00c±0.00 0.00b±0.00 
1  0.00c±0.00 0.00b±0.00 
2 0.67±1.15 0.00c±0.00  
4 4.00±6.93 0.00c±0.00 0.00b±0.00 
6  4.00c±2.00 1.33b±2.31 
8  12.67bc±15.01 8.67ab±8.33 
12  45.33a±8.08 2.00b±3.46 
20  41.33ab±5.03 44.67a±29.48 
40  17.33abc±15.14 24.00ab±13.11 
 
 
Figure 11 Percentages of infected kernels by Nigrospora from whole-kernel plating of grain stored at 20°C, 8°C 
and 4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
The results for the 8°C and 4°C treatments are different from those of Seitz et al. (1982)’s study 
in which infection by Nigrospora was less than 5%. The higher percentage in the present study is most 
likely due to the higher moisture content of the grain, at 35-36%, compared to 22-26% in Seitz et al. 
(1982). As a result, to prevent grain from severe Nigrospora infection, the duration of 8°C and 4°C 




































4.2.5 Infection by A. niger 
The percentage of kernels infected by A. niger was higher than that of fresh grain on day 12 at 
8°C and day 20 at 4°C (Table 9). Similar to Nigrospora, the percentage decreased to the same level as 
fresh grain at the end of storage. The infection was notably high on day 4 at 20°C (Figure 12) due to the 
vulnerability of the high-moisture grain without any treatment. 
Table 9 Percentages of infected kernels by Aspergillus niger from whole-kernel plating of grain stored at 20°C, 
8°C and 4°C sampled on different days. All results are expressed as a percentage of kernel number and are mean 
plus or minus one standard deviation. Values within a column followed by the same or no letter do not differ 
significantly at the 0.05 level according to Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 1.33b±1.15 1.33b±1.15 1.33b±1.15 
1  6.67b±6.43 3.33b±3.06 
2 1.33b±1.15 5.33b±1.15 6.00ab±7.21 
4 72.00a±17.32 4.67b±2.31 2.67b±2.31 
6  4.00b±2.00 2.00b±3.46 
8  10.67ab±11.55 6.67ab±7.02 
12  22.67a±1.15 12.67ab±15.53 
20  4.00b±6.93 22.00a±18.00 






Figure 12 Percentages of infected kernels by Aspergillus niger from whole-kernel plating of grain stored at 20°C, 
8°C and 4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard 
deviation. 
The increase of infection at 8°C and 4°C is similar to some findings in previous studies at room 
temperature (Reed et al, 2007; Seitz et al, 1982), and the result confirms that A. niger is common during 
grain storage. The decrease at 8°C and 4°C at the end of storage might be due to the dominance of 
Penicillium. As a result, to prevent grain from severe A. niger infection, the duration of grain stored at 
8°C and 4°C should be restricted to 8 days and 12 days, respectively. 
4.2.6 Infection by Alternaria 
Compared to fresh grain, the percentage of kernels infected by Alternaria was significantly 
higher on day 12 and 20 at 8°C and day 20 and 40 at 4°C (Table 10). At 20°C, the percentage significantly 




































Table 10 Percentages of infected kernels by Alternaria from whole-kernel plating of grain stored at 20°C, 8°C and 
4°C sampled on different days. All results are expressed as a percentage of kernel number and are mean plus or 
minus one standard deviation. Values within a column followed by the same or no letter do not differ 
significantly at the 0.05 level according to Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 4.00ab±4.00 4.00bc±4.00 4.00b±4.00 
1  1.33bc±2.31 2.67b±1.15 
2 14.67a±2.31 1.33bc±2.31 0.00b±0.00 
4 0.00b±0.00 0.00c±0.00 1.33b±2.31 
6  1.33bc±2.31 0.67b±1.15 
8  3.33bc±5.77 1.33b±2.31 
12  24.67a±3.06 2.67b±3.06 
20  20.00a±15.10 24.67a±21.94 
40  17.33ab±11.02 24.67a±18.15 
 
 
Figure 13 Percentages of infected kernels by Alternaria from whole-kernel plating of grain stored at 20°C, 8°C 
and 4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
The increase at 8°C and 4°C is similar to the findings of Seitz et al. (1982) at room temperature, 
and the decrease at 20°C is similar to the decrease of field molds, including Alternaria, found by Reed et 
al. (2007) at ambient conditions. The reason for such a decrease is most likely the dominance of A. niger 
and Rhizopus after day 2 at 20°C, which was also observed by Reed et al (2007) under ambient 

































temperature treatment. Thus, to prevent grain from severe Alternaria infection, the duration of grain 
stored at 8°C and 4°C should be restricted to 8 days and 12 days, respectively. 
4.2.7 Infection by Rhizopus 
Compared to fresh grain, the percentage of kernels infected by Rhizopus was significantly higher 
on day 2 and 4 at 20°C and day 12 at 8°C (Table 11). However, like Nigrospora and A. niger, the infection 
fell to the same level as fresh grain at the end of 8°C storage (Table 11). 
Table 11 Percentages of infected kernels by Rhizopus from whole-kernel plating of grain stored at 20°C, 8°C and 
4°C sampled on different days. All results are expressed as a percentage of kernel number and are mean plus or 
minus one standard. Values within a column followed by the same or no letter do not differ significantly at the 
0.05 level according to Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 0.00b±0.00 0.00b±0.00 0.00±0.00 
1  0.00b±0.00 01.33±2.31 
2 54.67a±20.23 3.33ab±4.16 0.00±0.00 
4 51.33a±15.28 1.33b±2.31 2.00±2.00 
6  0.67b±1.15 0.00±0.00 
8  0.67b±1.15 0.00±0.00 
12  12.00a±12.00 1.33±2.31 
20  0.67b±1.15 0.00±0.00 






Figure 14 Percentages of infected kernels by Rhizopus from whole-kernel plating of grain stored at 20°C, 8°C and 
4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
The increase of infection at 20°C is larger than the increase in Seitz et al.’s (1982) study at room 
temperature, which might be caused by the higher moisture content of the grain in this study. For the 
8°C and 4°C treatments, infection was inhibited by the low temperature and the disadvantage of storage 
molds, including Rhizopus, observed by Reed et al. (2007) at ambient conditions. Therefore, the duration 
of grain stored at 8°C and 4°C should be restricted to 8 days and 40 days, respectively, to prevent severe 
Rhizopus infection. 
4.3 Dry matter loss (DML) 
Dry matter loss (DML) is the fraction of dry mass loss from the total dry mass of fresh grain and 
is calculated using the grain mass recorded during sampling and the moisture content tested 
immediately after sampling. DML indicates the cumulative loss of nutrients due to mold consumption 
and thus reflects the level of mold activity. A 0.5% DML is commonly observed as a sign of grain quality 




































Because the results are not sufficiently reliable to observe a clear trend or to draw a conclusion 
of storage duration, the table and bar chart of DML at 20°C, 8°C and 4°C are presented in Appendix C. 
Some of the results are opposite to what would be expected. For example, DML is larger at 8°C than at 
20°C on day 1. Additionally, some results are negative, accumulatively or individually in storage cycles, 
indicating the gain of dry matter rather than a loss. These inexplicable results suggest that the method 
of obtaining DML was not reliable. Therefore, the results of DML are not used as a reference to offer 
suggestions on storage duration. 
The reason for the unreliable result is most likely because the method of calculating DML overly 
relies on the accuracy of the moisture test, for which the standard deviation heavily affects the reliability 
of the result. Considering the abnormal -1.45% DML on day 1 at 4°C as an example (Table 12), the 
moisture content of fresh grain at 4°C was 36.41% ±0.55% and becomes 36.01% ±0.20% after the first 
storage day (Table 12). The grain mass was recorded as 12,277 g and 12,258 g before and after the first 
storage day, respectively. Within one standard deviation, a low moisture content of fresh grain at 
35.86% (36.41%-0.55%) and a high moisture content of grain stored for one day at 36.21% 
(36.01%+0.20%) gives a DML of 0.70%, which is not only positive but also 2.15% higher than the original 
result. Compared to the 0.5% DML applied, the standard deviation of moisture content is too large, and 
the values cannot be summed for cumulative loss calculation (Table 12). Because the standard moisture 
test cannot provide results that are accurate enough for DML calculation, it is suggested that either a 
new method of moisture testing should be used or that DML should be obtained by other means, such 






Table 12 Moisture contents of grain stored at 20°C, 8°C, 4°C and -20°C sampled on different days. All results are 
expressed as a percentage of water mass in wet grain mass and are mean plus or minus one standard deviation 
from. Values within a column followed by the same or no letter do not differ significantly at the 0.05 level 
according to Duncan's multiple range test. 
Storage days 20°C 8°C 4°C -20°C 
Fresh 36.41a±0.55 36.41a±0.55 36.41ab±0.55 36.41±0.55 
1 36.28ab±0.52 36.58a±0.55 36.01b±0.20 36.24±0.42 
2 36.25ab±0.32 36.19a±0.30 36.49ab±0.43 36.40±0.20 
4 35.54b±0.21 36.49a±0.19 36.31ab±0.20 36.00±0.43 
6  36.17a±0.90 36.91a±0.49 35.83±5.16 
8  36.41a±0.22 36.50ab±0.33 36.62±0.77 
12  36.44a±0.31 36.64ab±0.27 36.11±0.39 
20  36.42a±0.18 36.50ab±0.25 35.68±0.53 
40  35.09b±0.41 35.99b±0.27 35.25±0.47 
 
In addition to the poor reliability, the results are largely higher than 0.5% soon after the storage 
period began. This fact suggests that it might be inappropriate to apply the rule of 0.5% DML to high-
moisture grain. Indeed, high moisture could hasten deterioration and result in much larger DML values 
than 0.5% when the grain grade decreases. 
4.4 Recommended storage duration 
Suggestions on storage duration according to valid quality parameters are compiled in Table 13. 
Depending on the quality parameter, the suggested storage duration at 8°C varies from 8 days to 40 
days and is 8 days for most (Table 13). Therefore, to prevent grain quality loss in various aspects, the 
duration of storing high-moisture grain at 8°C should be restricted to 8 days. 
Table 13 Summary of suggestions on storage duration at 8°C and 4°C according to valid quality parameters. 




Starch yields 40 40 
Germ yields 20 20 
Steepwater solids 8 8 
General infection 8 12 
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Table 13 (cont.) 




Infection by Penicillium 12 20 
Infection by Nigrospora 8 12 
Infection by A. niger 8 12 
Infection by Alternaria 8 12 
Infection by Rhizopus 8 40 
 
Depending on the quality parameter, the suggested storage duration at 4°C varies from 8 days 
to 40 days and is 12 days for most (Table 13). The duration of 12 days is less than or equal to all the 
suggestions, except for the result of 8 days according to steepwater solids (Table 13), which is it is not a 
main component like starch or germ yields in terms of content. In addition, as the steepwater solid 
results on day 12 were not significantly different from those on day 8 (Table 4), storing for 4 more days 
(from day 8 to day 12) at 4°C will not cause any major practical loss in grain quality. Therefore, to 
prevent grain quality loss with regard to various aspects, the duration of storing high moisture grain at 
4°C should be restricted to 12 days.  
Additionally, as shown in Table 13, according to the same quality parameter, the suggested 
duration is longer at 4°C than at 8°C in most cases. This fact indicates that 4°C is generally more effective 
for preventing grain quality loss than is 8°C. However, it should also be kept in mind that applying a 
treatment at a lower temperature would result in increased energy and capital costs. Therefore, 
depending on the freezer availability, if the grain can be taken out within 8 days, then it can be stored at 
8°C. If the freezer is occupied and the grain needs to be stored for 8 to 12 days, then it can be stored at 
4°C. For longer storage durations, a temperature lower than 4°C or other treatment should be applied to 




CHAPTER 5 CONCLUSIONS 
Motivated by the advantages of the early harvesting of corn, frozen storage is an innovative way 
to store high-moisture corn grain, but its efficiency and reliability are under challenging due to yield 
fluctuation because of agronomic factors and undesirable weather during harvesting seasons. Low-
temperature short-term storage (LSS) is a promising way to relieve the pressure to freeze the material 
before the arrival of averse weather and to reduce the amount of energy consumed by freezers when 
the weather becomes inclement. However, it is important for producers to know how long grain can be 
stored and at what temperature when planning harvest and storage activities. Although previous studies 
have provided valuable information in experimental design and result analysis, few have provided 
suggestions on storage duration. Thus, storage duration was a focus of this study. 
This study provides suggestions on storage duration for high-moisture material in low-
temperature short-term storage (LSS) according to significant quality decreases by completing two 
objectives. The first objective is the determination of the point at which grain quality is significantly 
altered during storage. The second objective is to provide suggestions based on all the findings. Grain 
harvested at 35% moisture content was stored at 20°C, 8°C and 4°C for up to 40 days and at -20°C for 6 
month. After storage, the grain was tested by 100-g wet milling and whole-kernel plating to measure 
quality. For each quality parameter, a suggestion is made based on the significant change during storage 
duration found by Duncan’s multiple range test (MRT). Conclusive suggestions on storage duration for 
high-moisture grain at 8°C and 4°C are also offered by compiling suggestions according to all quality 
parameters. 
Most of the quality parameters studied herein showed significant changes, indicating a decrease 
in quality, which I defined as an undesirable decrease in a valuable component or an increase in mold 
infection during storage. For some quality parameters, the quality decrease was much larger at 20°C 
than at 4°C and 8°C. This fact indicates that low temperature is effective for improving the resistance of 
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grain to deterioration. My suggested storage duration was determined by the last day, when the quality 
of stored grain was not significantly different from that of fresh grain. For all quality parameters, the 
suggested durations at 4°C are shorter or equal to those at 8°C. This fact shows that lower temperature 
can better prevent grain quality from decreasing. Overall, the suggested duration for storing 35% 
moisture-content grain is 8 days at 8°C and 12 days at 4°C. It is important to note that although grain can 
be stored longer at 4°C, a freezer can cool more grain to 8°C within a certain period, effectively 
increasing the potential throughout the facility. The selection of temperature should consider both the 
expected storage duration and also the processing capacity. Please be advised that the suggested 
duration may vary if other specific aspects of grain quality are considered. With the suggestions 
provided by this study, producers can better utilize frozen storage systems and obtain the advantages of 




CHAPTER 6 FUTURE WORK 
For researchers who are interested in applying low-temperature short-term storage (LSS) to 
high-moisture corn, here is some information that might be helpful in future work. Calculating the dry 
matter loss (DML) using the moisture content from a standard 72-hour test proved to be unreliable in 
this study. The standard deviation of the moisture content largely affects the accuracy of DML, 
especially when the 0.5% DML rule is applied to determine whether a change in grain quality occurred. 
The moisture test is standard and accurate enough for most corn studies but not for DML. Therefore, it 
is recommended to calculate DML using the CO2 content measured by an analyzer, as in previous studies 
(White et al., 2010; Reed et al., 2007; Seitz et al., 1982; Fernandez et al., 1985; Shao and Li, 2011). 
Additionally, it is most likely inappropriate to use the 0.5% DML rule for high-moisture corn because the 
rule is based on experience based on the storage of regular grain with an approximate 15% moisture 
content. Even for regular 15% moisture grain, Seitz et al. found that the moisture content was not the 
same throughout the bulk, though the 0.5% DML rule assumes a uniform moisture content. Therefore, it 
is better to calculate DML for grain at different parts of the storage bulk. 
There are some aspects that can be improved in the whole-kernel plating experiment. Mannitol 
salt agar (MSA) was selected as the medium for whole-kernel plating in this study. It is more an 
acceptable choice for stored grain with typical 15% moisture content than grain with a high moisture 
content. With a high level (7.5%) of sodium chloride, MSA favors the growth of molds that are prevalent 
under low-moisture conditions. MSA slows the growth of molds favored by a high moisture content, 
which normally out-compete low-moisture molds, thus masking the true situation of molds in typical 
grain storage. However, MSA might have impacts on molds in high-moisture grain that are difficult to 
measure. Therefore, to assess whether MSA effects the mold level of high-moisture corn grain, 
researchers can use other media with lower levels of sodium chloride. Additionally, large standard 
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deviations occurred in the whole-kernel plating results. This might be normal in mold experiments of 
stored grain, but more replicates would most likely be helpful to reduce the standard deviation.  
There are some changes that can be made to better simulate grain storage in the real world. 
First, the grain was harvested by hand and threshed using a hand cranker in this study, whereas it is 
mostly harvested by combine harvesters in real life. However, a combine harvester will cause a high 
level of mechanical damage, which is also likely to cause more mold damage during later storage. 
Therefore, it is better to use grain harvested by a combine harvester to measure storability in a practical 
scenario. Second, according to Eckhoff’s (2010) design, grain stored at a low temperature is ultimately 
frozen to -10°F and then stored frozen for the long term. In this study, the grain was moved from a low 
temperature to a frozen temperature at -20°C without freezing. It might take some time for the grain to 
reach the same temperature as the frozen room and during this time, mold may still be able to grow, 
consume grain components and reduce its value. Additionally, similar to the moisture content, the 
temperature differs throughout grain bulk; it takes longer for grain at the center of the storage box to 
reach a frozen temperature than it does the grain at the edges. Therefore, it is better to record the grain 
temperature when moving it to different temperatures and to sample the grain from different portions 
of a storage box. This would more accurately reflect the duration of low-temperature short-term storage 
(LSS) applied. 
With the suggestions provided by this study, producers can more confidently arrange low-
temperature and frozen storage for high-moisture corn to obtain the benefit of an early harvest. 
However, there are other approaches to handling high-moisture corn, such as preservative air and 





APPENDIX A: SUPPLEMENTAL MATERIALS FOR DUNCAN’S MRT IN R LANGUAGE 
Following is an example of the R language used to analyze the percentage of kernels infected by 
Penicillium of the grain stored at 4°C. As stated in section 3.6, Duncan’s multiple range test (MRT) with a 
0.05 significance level are used. The MRT does not come with standard R, so it is required to install the 












APPENDIX B: SUPPLEMENTAL MATERIALS FOR WET MILLING YIELDS 
Following is the collection of wet milling yields of gluten, fine fiber, coarse fiber and total fiber. 
The results of other components are in section 4.1 for discussion. Unlike those results, the results here, 
although having significant differences in some cases, are lack of the consistent difference and clear 
trend for drawing conclusions. 
Table B1 Gluten yields as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 4°C 
sampled on different days. All yields are expressed as mean plus or minus one standard deviation. Values within 
a column followed by the same or no letter do not differ significantly at the 0.05 level according to Duncan's 
multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 10.61b±0.48 10.61abc±0.48 10.61±0.48 
1  10.77abc±0.46 10.56±0.59 
2 10.87b±0.46 10.03bc±0.31 9.89±0.39 
4 13.99a±0.51 9.89abc±0.17 10.51±0.73 
6  10.40abc±0.29 10.51±0.65 
8  10.30bc±0.85 10.07±0.52 
12  11.07ab±0.40 9.85±0.54 
20  10.97abc±0.09 10.50±0.95 






Figure B1 Gluten yields as the percentage of dry mass from 100g wet-milling of grain stored at 20°C, 8°C and 4°C 
sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
 
Table B2 Fine fiber yields as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 
4°C sampled on different days. All yields are expressed as mean plus or minus one standard deviation. Values 
within a column followed by the same or no letter do not differ significantly at the 0.05 level according to 
Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 7.66a±0.63 7.66±0.63 7.66ab±0.63 
1  7.81±0.50 7.25ab±0.57 
2 7.36a±0.22 7.48±0.58 7.26ab±0.56 
4 6.38b±0.43 7.47±0.17 7.21ab±0.26 
6  7.29±0.51 7.75ab±0.18 
8  7.76±0.55 6.83b±0.67 
12  7.67±0.08 7.68ab±0.51 
20  7.51±0.28 7.78ab±0.41 




























Figure B2 Fine fiber yields as the percentage of dry mass from 100g wet-milling of grain stored at 20°C, 8°C and 
4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
 
Table B3 Coarse fiber yields as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 
4°C sampled on different days. All yields are expressed as mean plus or minus one standard deviation. Values 
within a column followed by the same or no letter do not differ significantly at the 0.05 level according to 
Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 4.67±0.16 4.67ab±0.16 4.67±0.16 
1  4.79ab±0.61 4.82±0.60 
2 4.80±0.63 5.03ab±0.36 4.91±0.58 
4 5.07±0.69 5.49a±0.73 4.87±0.55 
6  5.51a±1.42 5.08±0.99 
8  4.82ab±0.42 5.27±0.11 
12  3.92b±0.11 4.73±0.77 
20  5.12ab±0.49 4.91±0.26 































Figure B3 Coarse fiber yields as the percentage of dry mass from 100g wet-milling of grain stored at 20°C, 8°C 
and 4°C sampled on different days. Bar height and error bar are mean and plus or minus one standard deviation. 
 
Table B4 Total fiber yields as the percentage of dry mass from 100g wet milling of grain stored at 20°C, 8°C and 
4°C sampled on different days. All yields are expressed as mean plus or minus one standard deviation. Values 
within a column followed by the same or no letter do not differ significantly at the 0.05 level according to 
Duncan's multiple range test. 
Storage days 20°C 8°C 4°C 
Fresh 12.33±0.59 12.33ab±0.59 12.33±0.59 
1  12.60ab±0.29 12.08±0.20 
2 12.16±0.85 12.51ab±0.46 12.17±0.09 
4 11.45±0.61 12.96a±0.86 12.08±0.49 
6  12.80ab±1.19 12.82±0.83 
8  12.58ab±0.38 12.09±0.56 
12  11.59b±0.03 12.40±0.54 
20  12.63ab±0.36 12.69±0.56 
































Figure B4 Total fiber yields as the percentage of dry mass from 100g wet-milling of grain stored at 20°C, 8°C and 






























APPENDIX C: SUPPLEMENTAL MATERIALS FOR DRY MATTER LOSS (DML) 
Following is the DML results, which are not sufficiently reliable to observe a clear trend or to 
draw a conclusion of storage duration. For the discussion of DML and the reason of its disappointing 
reliability, please refer to section 4.3. 
Table C1 Dry matter loss (DML) of grain stored at 20°C, 8°C, 4°C 20°C on different storage days. All results are 
percentages of cumulative dry grain mass loss compared to initial grain dry mass. Dry matter loss (DML) is 
calculated from average moisture content and grain mass. Traditionally, a 0.5% DML is regarded as a sign of 
decrease from grade 1 to 2 for stored grain.  
Storage days 20°C 8°C 4°C -20°C 
1 0.34% 0.82% -1.45% 0.08% 
2 0.73% 0.28% -0.79% 0.31% 
4 9.72% 1.31% -0.42% -0.14% 
6  1.14% 0.65% -0.37% 
8  1.44% 0.44% 0.40% 
12  1.77% 0.80% -0.05% 
20  1.90% 1.25% -0.14% 









Figure C1 Dry matter loss (DML) of grain stored at 20°C, 8°C, 4°C 20°C on different storage days. All results are 
percentages of cumulative dry grain mass loss compared to initial grain dry mass. Dry matter loss (DML) is 
calculated from average moisture content and grain mass. Traditionally, a 0.5% DML is regarded as a sign of 
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